In this article a regioselective domino metathesis reaction of unsymmetrical 7-oxanorbornenes, readily available by a tandem Ugi/Diels-Alder reaction as a key step, promoted by the Hoveyda-Grubbs second-generation catalyst in the presence of electron-rich vinyl acetate as a cross metathesis (CM) substrate is reported. The mechanism for the unusually high regioselectivity observed in the CM reaction was investigated, and a reaction course where a Fischer-type carbene ["Ru"= CH(OAc)] generates a steric interaction is proposed. The metathesis products were further converted to four artificial
Introduction
Olefin metathesis plays a crucial role in modern synthetic organic chemistry. [1] In a rough classification, three types of reactions have been known for olefin metathesis: cross metathesis (CM), ring-closing metathesis (RCM), and ringopening metathesis (ROM). A combination of these metathesis reactions (domino reaction) is frequently used as a key reaction in multi-step syntheses of, for example, biologically active compounds. We have been studying domino metathesis reaction of 7-oxanorbornenes, because these compounds are readily converted into structurally complex heterocycles that are interesting in terms of molecular diversity.
glutamate analogues whose structures were inspired by naturally derived excitatory glutamate analogues, dysiherbaine and neodysiherbaine. Interestingly, one of the synthetic analogues (28a) induced a cataleptic state in mice. Further electrophysiological studies suggest that 28a might inhibit excitatory synaptic transmission by a yet unknown indirect pathway.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim, Germany, 2009) We recently reported that domino metathesis of 7-oxanorbornene 1 was cleanly converted to heterotricycle 2 in good yield (81 %) with high regioselectivity (Scheme 1). [2] This observation is of particular interest, because metathesis of unsymmetrical norbornenes is, in general, poorly regioselective, as was reported by several groups. [4, 5] However, Rainier recently demonstrated a highly regioselective domino metathesis reaction of norbornenes bearing a p-tolylsulfinyl (Ts) group as a substituent, [6] [7] [8] suggesting that a long-range electronic effect of a remote substituent can contribute to regiochemical control in metathesis reactions of norbornenes. In light of the regioselective metathesis reaction step, we envisaged that functionalized glutamate analogues could be prepared efficiently in a diversity-oriented manner. Scheme 1. Our previous demonstration for regioselective domino metathesis of 7-oxanorbornene. [2] As shown in Scheme 2, regioselective domino metathesis of suitably functionalized 7-oxanorbornene A would provide heterotricycle B. After functional group transformations, several glutamate analogues C would be furnished with some structural diversity at the lowest third ring. Because the structure of C shares some structural units similar to marine sponge-derived excitatory amino acids dysiherbaine [9] and neodysiherbaine A, [10] it was anticipated to exhibit unique neuronal activities. Scheme 2. Our strategy for the synthesis of artificial glutamate analogues by a key domino metathesis reaction in the presence of vinyl acetate.
In this paper, we report a full account [11, 12] of the synthesis of biologically interesting glutamate analogues employing regioselective domino metathesis of unsymmetrical 7-oxanorbornenes as a key reaction. Because this regioselectivity is essential for efficient formation of glutamate-like functionality at earlier steps, we assessed for the origin of the selectivity. Evidence obtained in the present work supported that the mechanism that involves a directing effect by the amide carbonyl group is not applicable in this particular reaction, but that the Fischer carbene pathway is likely. Our recent progress in the biological evaluation for compound 28a is also reported.
Results

Preparation of 7-Oxanorbornenes as Metathesis Substrates
7-Oxanorbornenes 5a-5e with five heteroalkenyl groups were prepared in 2-3 steps as shown in Scheme 3. The molecular framework was readily constructed in a single tandem Ugi/Diels-Alder reaction [13] between 4-methoxybenzylamine (PMB-NH 2 ), benzyl isocyanide (Bn-NC), (Z)-3-iodoacrylic acid, [3] and 2-furfural. The reaction proceeded smoothly in MeOH at 50°C for 4.5 h to give 4 in 68 % yield as a sole product. The structure was determined from 1 H NMR spectra by analogy with those of closely related compounds reported earlier by us [14] and others. [13, 15] It should be noted here that the use of sterically demanding iodinesubstituted acrylate in the Diels-Alder reaction had not been reported before our demonstration in 2008, [3] and it also worked well in the present tandem reaction.
Introduction of heteroalkenyl groups was next explored. After several experiments, it was found that, for alkenyloxy groups, the use of sodium alkoxide in DMF at -40°C was effective, giving rise to 5a and 5b in 73 and 49 % yields, respectively. On the other hand, N-Ns-N-alkenylamino groups (Ns = 2-nitrobenzenesulfinyl) [16] were introduced in combination with Cs 2 CO 3 at elevated temperature (50°C) to provide 5c and 5d in 100 and 76 % yields, respectively. It should be noted that these reactions proceed via a sequence of elimination of hydrogen iodide followed by 1,4-conjugate addition, as we have mentioned recently, [3] and in all cases, the reactions were highly stereoselective.
Protecting group manipulation was further carried out on N-butenylamino product 5d to see the effect of the groups on the metathesis reactions. Thus, the N-Ns group was removed by PhSH and Cs 2 CO 3 [16] followed by acylation with trifluoroacetic anhydride (TFAA) to give TFA amide 5e in 65 % yield.
Other 7-oxanorbornenes 6 and 7 ( Figure 1 ) were also prepared according to our previous publication, [3] and used for control experiments in the metathesis study. 
Domino Metathesis of 7-Oxanorbornenes
In the metathesis study of norbornenes, Rainier et al. [7] used Grubbs' second-generation catalyst 3. [17] They reported that the catalyst was added twice to the mixture dur-ing the reaction to complete the transformation, presumably due to the catalyst's instability. Indeed, we also encountered problem of incomplete reaction with Grubbs' secondgeneration catalyst 3 in these studies. Therefore, the Hoveyda-Grubbs second-generation catalyst 8 [18] (0.5-10 mol-%) was used in the present study, because the catalyst cycle is known to be initiated rapidly and to be stable. All reactions were carried out with 5 equiv. of vinyl acetate in benzene at room temp. The structures of the products were determined by 1 H NMR, including COSY spectra. At first, 7-oxanorbornene 4 was subjected to the reaction (Table 1 , run 1). The reaction was found to be highly regioselective to give heterobicycle 9 in 87 % yield (E/Z = 13:1). Interestingly, with 7-oxanorbornene 6, which lacks the N-Bn-amide side chain, the reaction was slow (24 h) with low yield and regioselectivity to give 10 as a mixture of all four possible isomers (31 %, Table 1 , run 2).
The reaction of 7-oxanorbornene 5a bearing an allyloxy group was next examined, and found to provide heterotricycle 11a rapidly at room temp. after 4 h in 100 % yield (Table 1 , run 3). The vinylic acetate moiety was also completely controlled to be in the trans configuration, as judged from the 1 H NMR spectrum [ 3 J(H,H) = 12.0 Hz]. In contrast, we have recently reported that 7-oxanorbornene 7, without the N-Bn-amide side chain, was converted to heterotricycles 12 and 13 in 88 % (E/Z = 5:4) and 10 % yields, respectively (Table 1, run 4) . [3] The ratio of the yields (88 %:10 %) provides information on the regioselectivity of the first ROM reaction, since it is generally accepted that no CM reaction takes place between monosubstituted olefins and vinyl acetate, and we also observed no reaction between vinyl acetate and triene intermediates 11bЈ, 11dЈ, and 11eЈ (vide infra, Table 2 ). It is therefore conclusive that the first ROM reaction would be less regioselective for the simple 7-oxanorbornene 7 than 5a.
N-Allyl-N-Ns-amine 5c also reacted as smoothly as 5a in the metathesis sequence to give heterotricycle 11c in an excellent yield (97 %, run 5). The geometry for the vinylic acetate moiety was again controlled exclusively to be trans, as in run 3. Table 2 summarizes the results for domino metathesis reactions of 7-oxanorbornenes 5b, 5d, and 5e, bearing butenyl groups, to form seven-membered heterocycles. It was soon realized that in all cases, the metathesis sequence stopped before RCM took place. We therefore quenched the reaction and the crude material was again subjected to the metathesis reaction for ring closure just with the metathesis catalyst 8. For example, when 7-oxanorbornene 5b was treated with vinyl acetate in the presence of metathesis catalyst 8 at 69°C, triene 11bЈ was cleanly obtained in 84 % yield after 46 h (run 1). It should be noted that the reaction was completed cleanly even at room temp. The structure was unambiguously clarified by spectroscopic analysis, including 1 H and 13 C NMR, and the vinylic acetate moiety was found to be completely controlled to be the trans isomer. Triene 11bЈ was then subjected to the second metathesis reaction with the metathesis catalyst 8 at 69°C to promote the ring closure, giving rise to heterotricycle 11b in Table 1 . Results for the domino metathesis reaction of 7-oxanorbornenes 4, 5a, 5c, 6, and 7.
[a] Diastereomeric ratio for 10 was determined by LC-MS analysis.
84 % yield (2 steps) after 21 h. Since it was found that even crude triene could be used for the second metathesis, the intermediate trienes were conveniently used without purification for the ring closure in runs 2 and 3. Thus, heterotricycles 11d and 11e were readily obtained in 90 and 85 % yields, respectively, without isolation of the intermediary trienes 11dЈ and 11eЈ. These results also indicated that an N-Ns-amine requires higher temperature (80°C) for cyclization as compared to a TFA amide (69°C), while the yields are nearly comparable. [19] Table 2 . Results for the domino metathesis reaction of 7-oxanorbornenes 5b, 5d, and 5e.
[a] Intermediates 11dЈ and 11eЈ were not isolated, but used directly for the second metathesis.
Synthesis of Artificial Glutamate Analogues
With metathesis products 11a and 11b in hand, we next explored a method that converted them into artificial glutamate analogues. Initially, transformation of the vinylic acetate moiety to a methyl ester was attempted, because we previously found that vinylic acetate 12 reacts readily with methanolic HCl at -10°C to give methyl acetal 14 in 83 % yield. The methyl acetal was subsequently hydrolyzed by hydrochloric acid (1 m) to provide aldehyde 15 in 90 % yield (Scheme 4). [3] However, with the metathesis product 11a, neither the acidic methanolysis nor alkaline hydrolysis furnished the desired aldehyde. Instead, hemiaminal 16 was provided in 91 and 86 % yields, respectively. Although oxidation of 16 was found to give imide 17 in 100 % yield, the route seemed to be inconvenient in terms of overall yield.
Therefore, we decided to modify the upper N-Bn-amide of the metathesis products 11a and 11b to transform them into artificial glutamate analogues. Synthesis of common intermediates 19a and 19b are summarized in Scheme 5. First, 11a and 11b were treated with Boc 2 O, DMAP, and triethylamine (TEA) to form N-Boc-imides, which, in turn, were subjected to methanolysis at -20°C (K 2 CO 3 , MeOH) 5534 Scheme 4. Failed attempt to construct the glutamate structural unit from 11a.
carefully, to provide 18a and 18b in 79 % yield for both compounds. After oxidation (NaClO 2 , 2-methyl-2-butene, NaH 2 PO 4 ), [20] the resulting carboxylic acids were esterified with TMS-CHN 2 to give diesters 19a and 19b in 94 and 73 % yields, respectively.
Scheme 5. Synthesis of common intermediates 19a and 19b.
From the common intermediates 19a and 19b, two artificial glutamate analogues 23a and 23b, wherein the olefinic double bonds are hydrogenated, were synthesized as shown in Scheme 6. The hydrogenation was performed by using 10 % Pd/C as a catalyst under hydrogen atmosphere, giving rise to 20a and 20b in 96 and 100 % yields, respectively. Selective reduction of the pyrrolidone was next attempted. It was first found that a two-step transformation via a thioamide (Lawesson's reagent, [21] toluene, 80°C; NaBH 4 , NiCl 2 ·6H 2 O, THF, MeOH) successfully gave 21a from 20a in 50 % overall yield. However, this transformation was poorly reproducible and often accompanied by undesired side Scheme 6 . Synthesis of two glutamate analogues, 23a and 23b, with saturated ether rings.
reactions, such as the decomposition of acid-sensitive groups such as the acetonide groups in 25a and 25b (vide infra). Fortunately, BH 3 ·SMe 2 [22] was found to promote the selective reduction at 40°C to give pyrrolidines 21a and 21b in moderate yields (53 and 43 %) with satisfactory reproducibility. From 21a and 21b, glutamate analogues 23a and 23b were synthesized by stepwise protective group manipulations, including conversion of the PMB groups to Boc groups under hydrogenolytic conditions (68 and 100 %), and acidic hydrolysis for global deprotection (79 and 100 %).
Dihydroxylated glutamate analogues 28a and 28b were also synthesized from the common intermediates 19a and 19b as shown in Scheme 7. These intermediates were stereoselectively dihydroxylated under standard conditions (OsO 4 , NMO, tBuOH, H 2 O) to give diols 24a and 24b in excellent yields (88 and 83 %) with complete stereoselectivity. The diols were subsequently protected as acetonides (2,2-dimethoxypropane, CSA, CH 2 Cl 2 ). The structures were confirmed by NOESY analysis as shown in Figure 2 , which showed that dihydroxylation had taken place from the convex faces of the molecules. Application of the same sequence of reactions as those for the transformation of 20a(20b) into 23a(23b), to acetonides 25a and 25b successfully furnished dihydroxylated glutamate analogues 28a and 28b in 62 and 36 % yields, respectively, for 3 steps each. 
Evaluation of Biological Activities
The biological activities of the artificial glutamate analogues 23a, 23b, 28a, and 28b, synthesized in the present study, were evaluated in vivo using a mouse behavioral assay, and in vitro by radioligand binding assays and by electrophysiological analyses.
Biological evaluation of four artificial glutamate analogues was first performed in mice behavioral assays, [23] because ligands for glutamate receptors (GluR) generally induce dose-dependent behavioral toxicity. [24] An intracranial injection of each compound (0.02 mg/mouse) induced a variety of behavioral changes that could be categorized into hyper-and hypoactive groups. The hyperactive group displayed stereotyped behavior such as scratching or hypersensitivity, while the hypoactive animals were in depression (loss of mobility) and some rigidity in the limbs was observed. Although the relationship between structure and activity type was not definitive, the saturated pyran 23a was weakly hyperactive, while dihydroxylated pyran 28a induced hypoactivity. Oxepanes 23b and 28b induced hyperactivity and caused a loss of balance, sudden running and jumping. It is noteworthy that in all cases, the mice recovered fully and were apparently normal by several hours after treatment. These in vivo activities, especially depression caused by 28a, are unique and are not observed with parental dysiherbaines, which are potent convulsants.
The glutamate analogues 23a, 23b, 28a, and 28b were further characterized in radioligand binding assays using rat synaptic membranes. [24] It was found out, however, that none of these compounds replaced the radioactive ligands for (S)-2-amino-3-(3-hydroxy-5-methyl-4-isoxazolyl)propi-onic acid (AMPA), kainate (KA), or N-methyl-d-aspartate (NMDA) receptors, subtypes of ionotropic GluRs, even at 1 ϫ 10 -5 m. The biological activity of the dihydroxylated pyran analogue 28a was next evaluated by current-and voltage-clamp electrophysiological analyses from cultured hippocampal neurons. Consistent with the hypoactivity observed in behavioral experiments, 28a markedly reduced excitatory neurotransmission in these highly active neuronal cultures. Voltage-clamp recordings of spontaneous bursts of excitatory synaptic currents revealed that the mean charge transfer mediated by activation of pharmacologically isolated AMPA/kainate-type ionotropic glutamate receptors declined by 43.5 Ϯ 10.5 % (n = 3, p Ͻ 0.05 in a Student's paired t-test) in the presence of 28a (20 ϫ 10 -6 m). Similarly, spontaneous action potential firing was reduced by 39.2 Ϯ 11.6 % (n = 3, p Ͻ 0.05 in a Student's paired t-test) in highly active neurons. These data demonstrate that 28a reduces neuronal excitability in the CNS, presumably through an indirect action on glutamatergic neurotransmission, which likely accounts for the depressive neuroactivity in the mouse bioassay. The precise mechanism(s) of action of 28a and other analogues are the subject of active investigation.
Discussion
Mechanism for the Regioselective Domino Metathesis
In this paper, we report the domino metathesis of unsymmetrical 7-oxanorbornenes with electron-rich vinyl acetate as a CM substrate. Although electron-rich olefins are generally a poor substrate for CM reactions, the domino metathesis reaction of 7-oxanorbornenes proceeded smoothly by virtue of the structural strain of the skeleton. It is also noteworthy that the regioselectivity was highly controlled, affording glutamic acid analogs (Tables 1 and 2 ). In the present study, we used the Hoveyda-Grubbs second-generation catalyst 8, [18, 25] which is also of significance, since most of the previous metathesis reactions with electron-rich olefins were studied with Grubbs' second-generation catalyst. [6, 7, 26, 27] For these regioselective metathesis reactions, either or both of two mechanisms could be operative. The first mechanism is an association mechanism, and the second one is a Fischer-type carbene mechanism. In the association mechanism, the reaction is guided by the interaction of the ruthenium metal center and an electron-donating group such as hydroxy or carbonyl groups involved in the metathesis substrate. Well-known examples are Cossy's synthetic study on amphidinol 3, [28] and Fürstner's macrocycle synthesis. [29] In connection with these studies, we initially thought that the association mechanism was primarily operative also in our case, [11] since the N-benzylamide carbonyl group was conveniently located at a position spatially close to the 7-oxanorbornene olefin in cases where the reactions were regioselective (Table 1 and Table 2 ). We thus tested the former mechanism by an experiment shown in Scheme 8. If the association mechanism were operable here, the regioselectivity would rely on the type of catalyst-substrate interaction but not type of the olefin added. When 7-oxanorbornene 3 was treated with but-3-enyl bromide (5 equiv.) in the presence of metathesis catalyst 8 (5 mol-%), however, three products 29a-29c were found to be generated (Scheme 8). The reaction proceeded quite smoothly and was completed in 3 h. This result was in clear contrast to the regioselective reaction with vinyl acetate (Table 1 , run 1). It is generally accepted that domino metathesis of norbornenes starts with a ring-opening reaction with the metathesis catalyst (ROM), [5, 30, 31] by which regioselectivity is determined. If the reaction shares common or even similar intermediates at the earlier stage, then the comparable regioselectivity is expected. In our case, shown in Table 1 (run 1) and Scheme 8, however, the regioselectivity outcomes are far different, and we hence concluded that, 1) these two reactions do not share a common mechanism, but proceed via different mechanisms; and 2) the association mechanism is not primarily operative in these metathesis reactions. We next turned our attention to the Fischer-type carbene mechanism. Fischer-type carbenes are complexes containing an electron-donating group on the carbene carbon. They are thermodynamically stable and hence poorly reactive. [32, 33] They are also generated when ROMP (ring-opening metathesis polymerization) reactions are terminated by electron-rich olefins such as ethyl vinyl ether. [34] In contrast to these common examples, remarkable catalytic activities of Fischer-type carbenes have often been reported. For example, Grubbs et al. reported that some Fischer-type carbenes initiate ROMP of strained cyclic olefins and RCM of diethyl diallylmalonate. [26] Fischer-type carbenes can be involved also in enyne ring-closing metathesis (RCM) [35] and intermolecular reaction (CM). [36] Ozawa et al. reported that Fischer-type selenocarbene complexes smoothly reacts with norbornene at room temp. to provide monomeric ringopening cross metathesis (ROCM) products without formation of ROMP products. [37] More recently, highly regioselective ROCM reactions of unsymmetrical norbornenes with electron-rich olefins were successfully performed by Rainier et al. [6, 7] Because precatalyst formation was reported to be essential for those reactions, it is plausible that a Fischertype carbene mechanism was operative in their reactions.
We therefore attempted to detect a Fischer-type carbene complex by 1 H NMR spectroscopy. It has been reported that some Fischer-type carbene complexes are readily generated upon simply mixing in appropriate solvents. For example, Grubbs et al. reported that they detected the Fischer-type carbene that formed from (PPh 3 ) 2 (TFA) 2 Ru= CH-CH=CPh 2 and vinyl acetate before it rapidly decomposed. [32] Similarly, in the present study; when metathesis catalyst 8 and vinyl acetate (10 equiv.) were mixed at room temp. in C 6 D 6 , the carbene proton of 8 at 16.7 ppm disappeared in 1 min, and a new peak assignable to the Fischer carbene complex ["Ru"=CH(OAc)] was observed instead at 11.9 ppm, which was also observed in the Grubbs study. [32] The Fischer-type carbene complex was not stable, and decomposed after 12 h as judged from 1 H NMR spectra. Since the Fischer-type carbene formation was much faster than the domino metathesis shown in Tables 1 and 2 , we now believe a Fischer-type carbene was present during propagation phase.
The domino metathesis reaction of a 7-oxanorbornene substrate bearing a Bn group substituent instead of N-Bnamide side chain at the C8-position was examined next to study whether association is involved in the domino metathesis reaction promoted by the Fischer-type carbene catalyst ["Ru"=CH(OAc)]. The substrate 32 was synthesized in 3 steps as shown in Scheme 9. A three-component coupling reaction between benzyl bromide, 2-furfural, and 4-methoxyaniline in the presence of zinc dust in THF, gave amine 30 in 78 % yield. [38] Acylation with (Z)-3-iodoacryl chloride [3] in the presence of Cs 2 CO 3 provided 31 (45 %), which was further heated (100°C) to promote an intramolecular Diels-Alder reaction to furnish 32 in 28 % yield, accompanied by isomeric 8-epi-32 in 51 % yield. The structures were determined by NOESY analysis as indicated.
Results for the metathesis reaction of 32 in the presence of vinyl acetate are shown in Table 3 . Under the same conditions as for 4-7 (see Tables 1 and 2 ), the reaction proceeded quite smoothly in 3 h to give heterobicycles (E)-33 and (Z)-33 in 26 and 33 % isolated yields, respectively (run 1). NMR analyses ( 1 H NMR and COSY) indicated that the regioselectivity was identical with that for reactions of 4 and 5 (see Tables 1 and 2 ). Neither regioisomer corresponding to 29a nor divinyl product corresponding to 29c was detected. Instead, ROMP product 34 was found to be generated. Although 34 was obtained as a complex mixture, dimer 35 ( Figure 3 ) was successfully isolated and characterized as, 1) a mixture of two olefin geometrical isomers, and 2) monoacetates that were introduced regioselectively. We then carried out the reaction under diluted conditions (3.8 mm, run 2). As expected, formation of the undesired ROMP product 34 was completely suppressed in run 2, and heterobicycle 33 was formed in 60 % yield (E/Z = 50:50), accompanied by unreacted 7-oxanobornene 32 (28 % yield). The high level of regioselectivity observed in the reaction with the substrate lacking the N-Bn-amide side chain could be provided by steric interaction between 7-oxanorbornene 32 and the Fischer-type carbene catalyst ["Ru"=CH(OAc)]. The incomplete reaction in run 2 is probably due to decomposition of the metathesis catalyst 8 or the Fischer-type carbene, as observed in our NMR study (vide supra). Table 3 . Domino metathesis of 7-oxanorbornene 32 bearing a Bn substituent instead of an N-Bn-amide side chain at C8.
[a] 0.01 equiv. of metathesis catalyst 8 was used.
[b] 0.03 equiv. of metathesis catalyst 8 was used.
[c] We assumed that the average MW was 559.4 (same as 33).
Taken together, the above experimental results support that, 1) the mechanism based on Fischer-type carbene ["Ru"=CH(OAc)] is probably operative in our regioselective domino metathesis of 7-oxanorbornenes (designated as "A" in Scheme 2), and 2) the [2+2] cycloaddition may be controlled by some steric interactions between bulky substituwww.eurjoc.org ents in the catalyst and substrate, but not by association between 7-oxanorbornene substrates and the active carbene species. [39, 40] 
Novelty in Biological Properties of Artificial Glutamate Analogues
Starting from the domino metathesis products 11a and 11b, we successfully synthesized four artificial glutamate analogues in 8 steps (for 23a and 23b) and in 9 steps (for 28a and 28b) via advanced intermediates 19a and 19b. Total yields were 10.1 % (for 23a), 6.9 % (for 23b), 18.5 % (for 28a), and 4.7 % (for 28b). The key reaction is the chemoselective reduction of pyrrolidines by BH 3 ·SMe 2 into pyrrolidones. Although the reaction proceeded only in moderate yields (40-62 %), it was satisfactorily reproducible for all compounds.
Biological evaluation of the artificial glutamate analogues, 23a, 23b, 28a, and 28b, by intracranial injection in mice revealed that the dihydroxylated pyran 28a was hypoactive, whereas other three analogues were hyperactive. The structures for the four analogues were inspired by dysiherbaine [9] and neodysiherbaine A, [10] which are naturally derived, excitatory amino acids, and the antagonist analogue MSVIII-19 [41] (Figure 4 ). The discovery of hypoactive 28a is particularly noteworthy, since dysiherbaines are lethally convulsant. Figure 4 . Dysiherbaine congeners [9, 10] and the antagonistic analogue MSVIII-19.
[41]
Although the electrophysiological assays suggested that 28a inhibited the primary mediators of excitatory neurotransmitter currents, AMPA receptors, our radioligand binding assays did not find evidence for direct binding of 28a to any subtype of ionotropic glutamate receptor (AMPA, kainate or NMDA receptors). Therefore, it is possible that 28a reduces spontaneous glutamatergic synaptic currents and action potential initiation through actions on other receptors or channels that dampen neuronal excitability. Alternatively, 28a might bind to AMPA receptors with a very weak affinity that went undetected in the binding assays. Interestingly, our research group previously found that one of the dysiherbaine analogues MSVIII-19 (Figure 4 ) caused mice to fall into a coma-like sleep upon intracranial injection; physiological studies have indicated that it binds to GluR5 kainate receptors and acts as a functional antagonist. [41, 42] It also reduced currents mediated by recombinant AMPA receptors (GluR1, 2 or 4) and excitatory postsynaptic currents (EPSCs) in mouse brain slices. [41, 42] Generally, small molecules that modulate the synaptic function of ionotropic GluRs are of significant biomedical interest, because glutamatergic neurotransmission is essential for both basic operation of the CNS as well as higher brain functions such as memory formation, learning, or neuropathology of brain and nociception. [43] Starting from 28a, further structural refinement and biological evaluation will be necessary to determine the precise mode of biological action of these novel glutamate analogues.
Conclusions
In summary, this paper describes our demonstration of regioselective domino metathesis of unsymmetrical 7-oxanorbornenes in the presence of electron-rich vinyl acetate as a CM substrate. In this study, it was concluded that the reaction was driven by a Fischer-type carbene ["Ru"= CH(OAc)], and the regioselectivity was controlled by steric interactions, but not by association. The metathesis products were further transformed into four biologically active, artificial glutamate analogues, one of which (compound 28a) exhibited a novel hypoactivity on mice. It is thus proposed that natural-product-inspired diversity-oriented synthesis is a useful approach to develop novel biologically active compounds that modulate synaptic transmission through diverse mechanisms.
Unfortunately, the synthetic pathway shown in Schemes 6 and 7 was not applied to a synthesis of glutamate analogues from metathesis products 11c, 11d, and 11e, which contain a nitrogen functionality at the lowest third ring. These reactions were inefficient in terms of synthetic steps and yields. The diminished reactivities, probably due to a presence of an N-protecting group which might sterically shield the heterotricycle skeleton, was also an obstacle. Instead, we have recently developed an improved synthetic pathway to twelve glutamate analogues including piperidine and azepane rings as the lowest third ring. [11] Efforts are in progress in our laboratories to develop artificial glutamate analogues with improved biological functions. Our highly regiocontrolled domino metathesis reaction will play a key role in the further studies.
Experimental Section
7-Oxanorbornene 4 (Tandem Ugi/Diels-Alder Reaction): To a stirred solution of furfural (0.500 mL, 5.31 mmol) in methanol (25 mL) at room temp. were added 4-methoxybenzylamine (0.459 mL, 3.54 mmol), (Z)-iodoacrylic acid (750 mg, 3.54 mmol), and benzyl isocyanide (0.647 mL, 5.31 mmol). After stirring at 50°C for 4.5 h, the mixture was concentrated under reduced pressure and the residue was diluted with chloroform (200 mL). The solution was washed with saturated aqueous NaHCO 3 (100 mL), saturated aqueous NH 4 Cl (100 mL), and brine (100 mL), dried with Na 2 SO 4 , and concentrated under reduced pressure. The residue was purified by column chromatography on silica gel (20 g, hexane/EtOAc = 6:4) to give 7-oxanorbornene 4 (1. 
7-Oxanorbornene Allyl Ether 5a:
To a stirred solution of allyl alcohol (7.80 mL, 11.3 mmol) in DMF (22 mL) at room temp. was added NaH (60 % in mineral oil, 452 mg, 11.3 mmol). After 30 min, a solution of iodide 4 (1.011 g, 1.89 mmol) in DMF (44 mL) was added via a cannula, and the mixture was stirred at -40°C for 1.5 h. The mixture was poured into saturated aqueous NH 4 Cl (100 mL) and extracted with EtOAc (100 mL). The extract was washed with water (3 ϫ 30 mL) and brine (50 mL), dried with Na 2 SO 4 , and concentrated under reduced pressure. 1.14 mmol) . After stirring at 50°C for 10 h, the mixture was cooled to room temp., poured into saturated aqueous NH 4 Cl (20 mL), and extracted with EtOAc (50 mL). The extract was washed with water (3 ϫ 10 mL) and brine (30 mL), dried with Na 2 SO 4 , and concentrated under reduced pressure. 
TFA Amide 5e:
To a stirred solution of 5d (1.00 g, 1.50 mmol) in acetonitrile (20 mL) at 0°C were added thiophenol (0.308 mL, 3.00 mmol) and Cs 2 CO 3 (733 mg, 2.3 mmol). After stirring at room temp. for 2.5 h, the mixture was then poured into saturated aqueous NaHCO 3 (100 mL) and extracted with CH 2 Cl 2 (2 ϫ 100 mL).
The combined extracts were dried with Na 2 SO 4 and concentrated under reduced pressure. The residue was purified by column chromatography on silica gel (20 g, methanol/chloroform = 1:9) to give the free amine (628 mg, 88 %) as a pale yellow oil, which was used in the next reaction without characterization. Heterotricycle 11b: To a stirred solution of 5b (298.1 mg, 0.63 mmol) in benzene (7.0 mL) at 69°C were added vinyl acetate (0.291 mL, 3.15 mmol) and catalyst 8 (3.9 mg, 0.0063 mmol) under argon atmosphere. After 46 h, the mixture was concentrated under reduced pressure. The Ru catalyst was removed by passing through a short pad of silica gel (6 g, hexane/EtOAc = 4:6). The filtrate was concentrated under reduced pressure to give a residue which was mainly composed of triene ROM/CM product 11bЈ (84 % yield on isolation, E/Z = Ͼ20:1). The resulting residue was, without purification, dissolved in benzene (7.0 mL). To the stirred mixture at 69°C was added catalyst 8 (3.9 mg, 0.0063 mmol). After 21 h, the mixture was cooled to room temp. and concentrated under reduced pressure. The residue was purified by column chromatography on silica gel (6 g, hexane/EtOAc = 6:4) to give heterotricycle 11b (281. , 1 H), 4.34 (s, 1 H), 3.94 (s, 1 H) 
Diester 19a:
To a stirred solution of aldehyde 18a (222.7 mg, 0.55 mmol) in tBuOH (15.0 mL) and water (5.0 mL) at room temp. were added 2-methyl-2-butene (0.291 mL, 2.75 mmol), NaH 2 PO 4 ·2H 2 O (94.2 mg, 0.60 mmol), and NaClO 2 (148.3 mg, 1.65 mmol). After 5 h, the mixture was diluted with CH 2 Cl 2 (50 mL), and the mixture was washed with hydrochloric acid (1 m, 20 mL) and brine (20 mL). The organic layer was dried with Na 2 SO 4 and concentrated under reduced pressure. The residue was dissolved in methanol (15.0 mL) and cooled to 0°C. TMS-CHN 2 (2 m in Et 2 O, 0.84 mL, 1.68 mmol) was added, and the mixture was allowed to warm to room temp. After stirring for 30 min, the mixture was concentrated under reduced pressure. The residue was purified by column chromatography on silica gel (6 g, hexane/ EtOAc = 4:6) to give diester 19a (235. 
Amine 30:
A solution of 2-furfural (0.254 mL, 3.0 mmol) and 4-methoxyaniline (739 mg, 6.0 mmol) in THF (9.0 mL) was stirred at room temp. under Ar for 30 min, and then benzyl bromide (1.07 mL, 9.0 mmol) and Zn dust (589 mg, 9.0 mmol) were added. The resultant mixture was stirred for 24 h, quenched with 1 % hydrochloric acid, and extracted with CH 2 Cl 2 (3 ϫ 50 mL). The combined extracts were dried with Na 2 SO 4 and concentrated under re-
